The objective of this paper is to discuss the numerical solution of the formability of AZ61A magnesium alloy. Magnesium alloys are the improving materials with their better mechanical properties. The analysis was performed by using explicit version of ABAQUS Finite Element Modules. For achieving better and more realistic solution Incremental Sheet Forming (ISF) technique was used. In the present investigation, a Single Point Incremental Forming (SPIF) tool containing hemispherical end was used to characterize the formability of AZ61A magnesium alloy sheet. For the simulations the punch and dies were assumed to be rigid bodies. The forming loads and details of formability for AZ61A were obtained using contour plots of stress and strain. From the analysis, the formability of the material has been obtained. Stress, strain developed were also found and the maximum stressed area are noted which helps in determining the failure of the sheet metal during forming operation.
Introduction
Magnesium (Mg) alloys are very attractive as structural materials in order to achieve high performance and energy saving of machines and structures, because of their advantages such as light weight, high specific strength, stiffness, good machinability and workability [1] [2] . Magnesium alloys are generally classified into two categories; cast alloys and wrought alloys. Cast alloys have advantages such as cost saving and flexibility in fabrication compared with wrought alloys. Therefore, cast alloys have increasing applications in transportation industries, particularly in automobile industry. On the other hand, wrought alloys possess much better mechanical properties than cast alloys; they are expected to be applied to high loading components for which fatigue is critical.
The material used in the present study is extruded AZ61A Magnesium alloy. Optical microstructure observations reveals that the extruded AZ61A Mg alloy consists of equated grains with an almost identical average grain size of 20 microns, measured using the Mean Linear Intercept Method [3] .
Material
Extruded AZ61A magnesium alloy is used for the investigation. Extruded sheet metal with diameter of 100 mm and a thickness of 1 mm is used for the study. The chemical composition of the extruded AZ61A magnesium alloy is summarized in Table 1 . The geometry and the dimensions of the circular testing specimen for investigations are shown in Fig. 1 . The tensile strength is of 220-260MN/m 2 , when the alloy is in sheet form. Cast magnesium alloys dominate 85-90% of all magnesium alloys products, with Mg-Al-Zn system being the most widely used. Not readily plastically deformed at room temperature due to HCP structure [4] . Specific strength, specific stiffness of materials and structure are important for the design of weight saving components. Weight saving is particularly important for automotive bodies, components and other products where energy consumption and power limitations are a major concern. This plasticity curve of the material AZ61A is used to assign the plasticity values in Abaqus/Explicit.
Incremental Sheet Forming
The incremental sheet forming process (ISF) has been developed in the context of sheet metal forming to increase the flexibility of industrial process. ISF is mainly used to produce small batch size or as a rapid prototyping process in different industries, from transportation to medical field. ISF allows a significant reduction of the tooling cost for small production of sheet parts since traditional, expensive and complex tools are replaced by a simple hemispherical punch moving on a controlled tool path [5] [6] . To increase the quality of the final geometry, it is still possible to use the die. The die can be manufactured in a cheap material because the applied forces are low. Another advantage of this process is the high limit of formability, compared to classical limit forming observed in stamping. In the industrial context, the numerical simulation must efficiently predict the geometry of the part, the thickness, strains and stresses in the sheet throughout the forming process. In ISF the contact zone between the tool and the sheet is limited and is always changing with the movement of the tool along its path. Each material point of the sheet is then subjected to elasto plastic loading and unloading depending if the tool is far or not from that point. In an attempt to reduce the CPU time we studied the computational aspects involved to represent the elasto-plastic material behaviour. The classical elasto-plastic integration scheme based on the flow rule requires several iterations [7] . The incremental deformation theory of plasticity is considered as an alternative to reduce the CPU time. The first part of this paper deals with these two aspects of the plasticity (i.e. flow rule and incremental deformation theory). After that, the implementation of CAM tool path into ABAQUS is explained. Finally, results obtained for a benchmark are presented and discussed. 
Modelling and Numerical Analysis
FEM simulation of SPIF process is a complicated task due to many modelling and long movement of forming tool. A full model should be used for simulation of SPIF process because this process is not symmetrical [8] . The AZ61A magnesium alloy sheet which was analysed has the diameter of 100mm and thickness of 1mm. The blank is taken as deformable type. The die, punch, blank holder are taken as discrete rigid.
Simulation Procedures
Forming processes simulation consists of several steps are as follows, (i) Building Part models (sheet, tool, holder, and part with desired shape) (ii) Tool path generation for the movement of tool (iii) Building finite element model, applying boundary conditions, defining material properties, contact parameters etc, (iv) Solving model, post processing.
Tool path generation is a step that is usually not needed in simulation. However, for simulation of incremental forming it is used to make tool moving along predefined trajectory. In simple cases the coordinates for tool paths can be calculated by spreadsheet program, but in work by Pohlak, the Computer Automated Manufacturing system was used. Researchers claimed that FEM simulation of SPIF process took a huge computational time because of large model and non-linear conditions in the system. With ABAQUS/Explicit solver, there are two approaches that can be applied to decrease the computational time such as mass scaling and time scaling [9] [10] . Depending on applications, a proper approach should be considered to have an accurate result. Therefore, mass scaling approach is the first choice for decreasing the computational time, the kinetic energy of deforming material is less than 4%-10% of total energy of the system. The software used is ls-dyna, the dynamic effect may affect the simulation results. The process may be speed up with methods like mass scaling or time scaling. Normally rigid tool move around at a maximum speed of 0.6m/s [11] . The second option is mass scaling where minimum time step is fixed to lower bound.
Adaptive Meshing
The final shape of the product in SPIF process is drastically different from the original shape of sheet. A mesh considered optimally in the original sheet geometry can become unsuitable in later stages of the SPIF process. A large material deformation in this process led to a severe element distortion and entanglement. These can lead to decrease in the size of the stable time increment and accuracy of simulated results [10] . Therefore, the adaptive meshing tool should be used in the simulation of SPIF process to increase meshing quality. The parts, tool, blank holder, die are taken as discret rigid element and geometric order as linear. The element type is quad R3D4-4 Nodes 3-Bilinear. The sheet is taken as deformable type and linear Hex C3D8R. 8-node linear brick with global size of the sheet given for meshing is 2.
Tool Path Generation
The movement of forming tool in SPIF process is very complex path in long distance. To obtain the quasi-static simulation and to avoid an extreme accelerate condition, the forming tool is moved by using a smooth step definition method in ABAQUS [11] [12] [13] . Total number of steps used for this analysis is 29. The Dynamic/Explicit method is used to solve the problem.
Boundary Conditions
There are four parts, so every part has to be constrained properly [14] . That is why boundary conditions in every FEM analysis are essential. Boundary conditions implementation is divided in twenty nine steps Table. 3. In first step constraints are implemented, and from the second step onwards the force are applied on the tool. 
Results
The contour plots shown in Figures 5-9 , illustrate the evolution of the damage field and the propagation cracks in the field. It is evident in both plots that the stress and strain in the damage zone increases towards the shear line. The figure shows the final output of the analysis. The deformed shape is in the form of a truncated pyramid. The dies and the blank holder hold the sheet and it is restricted to move and to reduce wrinkling. 
Conclusion
The simulations provide reasonable prediction of work piece deformation and strain distribution. The models were able to predict the areas in work piece that would experience thinning. In this work, the incremental deformation theory of plasticity has been implemented in ABAQUS. The deformability of AZ61A magnesium alloy was observed by the analysis. It's found that the numerical errors are acceptable while a reduction of CPU time was observed. The tool is made as rigid material and the tool path was created and the maximal velocity of the tool is controlled by smooth STEP function. The stress, strain and deformation developed on the sheet at various areas are calculated. These results will help to solve experimental analysis.
